Inflationary scenarios motivated by the Minimal Supersymmetric Standard Model (MSSM) where five scalar fields are non-minimally coupled to gravity are considered. The potential of the model and the function of non-minimal coupling are polynomials of two Higgs doublet convolutions. We show that the use of the strong coupling approximation allows to obtain inflationary parameters in the case when a combination of the four scalar fields plays a role of inflaton. Numerical calculations show that the cosmological evolution leads to inflationary scenarios fully compatible with observational data for different values of the MSSM mixing angle β.
Introduction
The existence of an extremely short and intense stage of accelerated expansion in the early Universe (inflation) provides a simple explanation of the astrophysical data, including the fact that at very large distances the Universe is approximately isotropic, homogeneous and spatially flat [1, 2, 3, 4] . The inflationary models are the most reasonable models for the evolution of the early Universe, because they generate the primordial density perturbations finally initiating the formation of galaxies and large-scale structure [5, 6, 7, 8] .
The high-precision measurements by the Planck space telescope show [9, 10] that the nonGaussian perturbations are small. Therefore, the single-field inflationary models are realistic. At the same time predictions of simplest inflationary models with minimally coupled scalar field include sufficiently large values of r, the tensor-to-scalar ratio of density perturbations, and are ruled out by the Planck data. Inflationary scenarios with a minimally coupled scalar field can be improved by adding a tiny non-minimal coupling of the inflaton field to gravity [11, 12] . Note that quantum corrections to the action of the scalar field minimally coupled to gravity induce nonminimal coupling term [13, 14] , proportional to Rφ 2 (where R is the curvature and φ is the inflaton field). Results of one-loop calculations in a weak gravitational field demonstrate [15, 16, 17] that in order to renormalize the theory of a scalar field in curved space-time it is necessary to introduce an induced gravity term proportional to Rφ 2 . It follows that one should add non-minimal coupling terms in the inflationary models to take into account quantum properties of the inflaton.
The idea of a supersymmetric (SUSY) inflationary model has been proposed in 1980s [18, 19] . In particular, a number of advantages of simplified SUSY Grand Unified Theories (GUTs) in comparison with nonsupersymmetric GUTs such as a naturally longer period of exponential expansion and better stability of the effective Higgs potential with respect to radiative corrections due to a cancelation of loop diagrams has been noted in [18] . The possibility to describe the inflation using particle physics models attracts a lot of attention (for a review see [20] ) because it is considered as a fundamental step towards the unification of physics at all energy scales. In numerous models the role of the inflaton has been performed by the Standard Model (SM) Higgs boson [21, 22, 23, 24, 25, 26, 27, 28, 29, 30] or a boson in GUTs [31, 32, 33] or a scalar boson in supersymmetric models [19, 34, 35, 36, 37] , see reviews [38, 39] .
New particles consistent with restrictions on the new physics imposed by the LHC data provide extensive opportunities to improve significantly the Higgs-driven inflationary model. Multifield scenarios under consideration are based on a general observation that redefined fields in the Einstein frame practically coincide with primary fields in the Jordan frame at the low energy scale of the order of superpartners mass scale M SU SY , reproducing the two-Higgs doublet potential, while at the scale higher than the GUT scale, the form of the potential in the redefined fields can be flat to ensure the slow-roll approximation in inflationary scenarios.
In our paper [40] , we have considered the model with two Higgs doublets coupled to gravity non-minimally. Convolutions of the Higgs doublets up to dimension-four in the fields form the well-known MSSM two-Higgs doublet potential which is rewritten in the mass basis of scalar fields [41] . This potential includes three massless Goldstone bosons and five massive Higgs bosons. Working in the physical gauge, when Goldstone bosons are not taken into account, we consider inflationary scenarios that include five Higgs bosons. It was shown [10] that inflationary scenarios with suitable parameters n s and r are possible at the scale corresponding to the Hubble parameter H ∼ 10 −5 M Pl . In [40] we restrict ourselves to the special case when one of the vacuum expectation values is equal to zero, so, the corresponding mixing angle β = π/2 (the so-called Higgs basis of scalar fields). In the present work, it is shown that inflationary scenarios compatible with observational data are possible for other values of the mixing angle β. As a rule [42] , the limits on tan β coming from models of low-energy supersymmetry are assumed to be 1 < tan β m top /m b ≃ 35, however a rough lower bound corresponding to a Higgs boson-top quark coupling in the perturbative region can be of about tan β m top /600 GeV [43] and the latest results of ATLAS and CMS collaborations [44] show that regions of large tan β at the 95% confidence level (CL) should be excluded [45] .
The MSSM-inspired Higgs potential
Let us consider the MSSM-inspired cosmological model which is described by the following action
Two Higgs doublets of the MSSM can be parameterized using the SU (2) states
where ω + 1,2 are complex scalar fields, η 1,2 and χ 1,2 are real scalar fields. The dimensionless factors λ i (i = 1, ..., 7) at the tree level are expressed, using the SU (2) and U (1) gauge couplings g 2 and g 1 , in the form [49, 50] :
, λ tree 5,6,7 = 0.
At the superpartners mass scale M SU SY renormalization group evolved tree-level quartic couplings λ i can be evaluated using the collider data for g 1 and g 2 at m top scale. Indeed, the gauge boson masses at tree level The mass basis of scalars is constructed in a standard way [49, 40] . The SU (2) eigenstates ω ± a , η a and χ a (a = 1, 2) are expressed through mass eigenstates of the Higgs bosons (two CP-even scalars h, H 0 , pseudoscalar A and two charged bosons H ± ) and the Goldstone bosons G 0 , G ± by means of two orthogonal rotations with angles α and β. In this paper, we use the unitary gauge G 0 = G ± = 0, therefore,
In the following the h-boson is identified as the observed 125.09± 0.24 GeV scalar state [51] , so the 'alignment limit' of the MSSM is used where the h-boson couplings to the gauge bosons and fermions are SM-like in agreement with the LHC data. In this limiting case β − α ≈ π/2. Masses of Higgs bosons are negligibly small compared with the Planck mass. At tree level the mass m A and t β ≡ tan β = v 2 /v 1 can be chosen as the input parameters which fix the dimension-two parameters µ 2 1 , µ 2 2 and µ 2 12 of the Higgs potential (see [40] for detail). Insofar as during inflation the condition V 4 ≫ V 2 is respected, it is a good approximation to consider V 4 as the potential of the model neglecting the dimension-two convolutions. We use this approximation to get inflationary scenarios.
In the paper [40] , we have considered the case of mixing angle β = π/2, then tan β is infinite. In this paper, the case of an arbitrary β with a finite value of t β is investigated. Such a situation is typical for various MSSM scenarios which are used to describe the LHC data. If the radiative corrections are included, a number of such effective field theories with the boundary conditions fixed at m top scale have been considered. A discussion of 'benchmark scenarios' which are denominated as m max
, light stop, light stau and τ -phobic and restrictions on the MSSM parameter space consistent with the LHC data can be found in [52] . Specific case of parametric scenarios where tan β ∼ 1 is analysed in [53] .
Assuming the alignment limit with β = π/2 + α, when the branching ratios of the observed resonance with the mass at 125 GeV are SM-like, and using Eqs. (8) and (9), we obtain
where
Using Eqs. (10)- (12), the potential V 4 can be written in terms of the scalar fields:
The function f in terms of the scalar fields can be written as
Cosmological attractors
In this section, we show how the idea of cosmological attractors [54, 55, 56, 57, 58, 59, 60, 61, 62] which is based on an observation that the kinetic term in the Jordan frame practically does not affect the slow-roll parameters (so-called 'strong coupling regime') allows to get approximate values of the inflationary parameters n s and r in the analytic form. The potential V depends on five real scalar fields
The action defined by Eq. (1) with f and V written in terms of the scalar fields φ I can be transformed to the following action in the Einstein frame [63] (see also [30, 64] ):
f ,I = ∂f /∂φ I . Metric tensors in the Jordan and in the Einstein frames are related by the equation
By definition the strong coupling regime of the field system takes place if the following inequality is respected
Using Eq. (15) in this approximation, we get
and f 0 is a positive constant with the same dimension as f . If we choose f 0 = M 2 Pl /2, then Θ = 0 corresponds to zero values of all scalar fields. We assume that h v is marginal and consider the inflationary scenario in the case φ 5 = h v = 0 during inflation. Note that in [40] this scenario has been considered at β = π/2 (denominated in [40] as the 'case A') which gives suitable inflationary parameters. One can observe that in the strong coupling regime the system can be described by the reduced action with only one scalar field Θ. Indeed, from (13) we get
It follows that the potential V 4 can be expressed as a function of f :
In the Einstein frame the potential is
The slow-roll approximation from a simple single-field model can be used to get inflationary parameters. In the spatially flat Friedman-Lemaitre-Robertson-Walker (FLRW) universe with the interval
, where a(t) is the scale factor, the slow-roll parameters are
where primes denote derivatives with respect to Θ.
It is convenient to express the inflationary parameters
Using Eq. (13), we get
Note that these expressions for n s (f ) and r(f ) do not depend on t β and coincide with the corresponding formulae for β = π/2 (when t β = ∞) which has been obtained in [40] . At the same time it is not correct to say that the corresponding inflationary scenarios do not depend on β, the direction to potential minima in the (v 1 , v 2 )-plane, because the Hubble parameter is expressed through f as follows:
One can see that inflationary scenarios are excluded at β = π/4. The temperature data of the Planck full mission and first release of the polarization data at large angular scales [10] constrain the spectral index of curvature perturbations to n s = 0.968 ± 0.006 (68% CL), (26) and restrict the tensor-to-scalar ratio from above r < 0.11 (95% CL). (27) Using the observable value of n s = 0.968, we obtain from Eq. (24) the corresponding value of f = 43.14M 2 Pl , so the Hubble parameter is expressed in a compact form
As mentioned in the Introduction, there is an upper bound on the Hubble parameter during inflation [10] : H < 3.6 × 10 −5 M Pl . Using Eq. (28) with given values of the model parameters, one can easily check whether this upper bound is respected. More precise numerical calculations are essentially simplified when suitable initial values of f can be easily found in the strong coupling approximation.
Numerical calculations in the Einstein frame formulation
Varying the Einstein frame action (15) with respect to g µν and fields, one can get the following equations for the spatially flat FLRW metric [64] :
where Γ I JK is the Christoffel symbol for the field-space manifold with the metric
IφJ . During inflation the scalar factor a is a monotonically increasing function. So, we can use the number of e-foldings N e = ln(a/a e ), where a e is the value of the scalar factor at the end of inflation, as a new measure of time. Due to the relation d/dt = H d/dN e , Eqs. (29) and (30) can be written in the following form [40] : Figure 1 : Evolution of the fields and the Hubble parameter as functions of the number of e-foldings N * e = −N e during inflation in scenarios A 1 (left) and C 1 (right), see Table 1 . The vertical line corresponds to N * e = 65.
where (σ ′ ) 2 = H 2 (σ) 2 . So, we get the following system of ten first order equations
In order to calculate the spectral index n s and the tensor-to-scalar ratio r, the slow-roll parameters are introduced analogously to the single-field inflation
where σ I =φ I /σ is the unit vector in the field space and D denotes a covariant derivative with respect to the field-space metric:
In the case of mixing angle β = π/2 suitable inflationary scenarios have been found in [40] , where various combinations of scalar fields φ 1 ,..., φ 5 play the role of inflaton. The goal of this paper is to show that inflationary scenarios for finite values of t β are also possible and to find the corresponding values of inflationary parameters.
As mentioned above, the approximation V ≃ V 4 is used at h v ≈ 0. In this case, the formulae obtained in the strong coupling approximation are validated. Numerical calculations show (Fig. 1 ) that all scalar fields monotonically decrease before and during inflation, so the function f is also a monotonically decreasing function. For this reason, such initial values of scalar fields are chosen that the corresponding values of f are greater than 43.14M 2 Pl . Thus, the strong coupling approximation simplifies the choice of initial conditions for numerical calculations. The list of initial conditions giving acceptable inflationary scenarios is presented in Table 1 .
The spectral index n s and tensor-to-scalar ratio r at the time when a characteristic scale is of the order of the Hubble radius (50-65 e-foldings before the end of inflation) can be expressed via the slow-roll parameters [64, 65] n s = 1 − 6ǫ + 2η σσ , r = 16ǫ.
In Table 2 the corresponding values of function f at N e = −65, when inflationary parameters are calculated, are presented. One can observe that in all inflationary scenarios results of numerical calculations of the inflationary parameters are close to their values evaluated using symbolic formulae obtained in the strong coupling approximation (see Table 2 ). Table 2 : The values of function f and the Hubble parameter H at N e = −65, together with the tensor-to-scalar ratio r and spectral index n s , obtained by Eq. (35), for successful inflationary scenarios.
Summary
In this paper, a MSSM-inspired extension of the original Higgs-driven inflation [22, 23, 24, 25, 26, 27, 28] is constructed using the two-Higgs doublet potential, given by Eq. (3). During inflation the quadratic part of this potential is negligibly small, so the potential can be approximated by its fourth order part V 4 . Assuming that the field h v is negligibly small during inflation, we simplify the potential in a way suitable for calculation of transparent symbolic and numerical results for the main observables: the spectral index n s and the tensor-to-scalar ratio r. The inflationary scenarios under consideration incorporate four non-minimally coupled scalar fields. It is shown that the considered model can be mapped to the single-field model with the effective inflaton field defined by Eq. (18) using the strong coupling approximation. In this approximation the inflationary parameters do not depend on the mixing angle β. On the other hand, numerical calculations in the strong coupling regime are realized in an inflationary scenarios with different values of model parameters and initial conditions. Such models share very close results for the spectral index and the tensor-to-scalar ratio in combination with negligible non-Gaussianity, which are in good agreement with the latest experimental data. A generalization of the MSSM-inspired model analysed in [40] for the case of finite values of tan β is found.
In conclusion, we should note that an important point beyond our analysis is the stability of results with respect to radiative corrections and the renormalization group evolution of ξ i . The general case of renormalization group improved (RG-improved) effective potential for gauge theories in curved spacetime when a generalization of Coleman-Weinberg resummation for the flat space is introduced can be found in [66] , where several applications to explicit field theory models have been presented. A number of simple supersymmetric models with running coupling of scalar field to gravity have been analysed. The simplest Wess-Zumino model effective potential along a flat direction in de Sitter space [67] demonstrates the power-like running of ξ typical for λφ 4 field theory [68] . The RG-improved effective action in curved space coupled with the classical gravity includes the term ξ(t) Rφ 2 which is analogous to the representation of Eq. (2),t ≡ log(φ 2 /µ 2 ), where µ is the renormalization scale. Inflation with different evolution of ξ defined by exponent exp(c g 2t ) has been observed in supersymmetric finite GUTs [69] , where g is the gauge coupling in the matter sector and the numerical constant c defined by the symmetry group of the grand unification theory can be negative, positive or zero. The initial conditions for the inflaton field which are discussed in [67, 69] respect definite restrictions (for example, |c| g 2 ∼ 10 −3 in the SU (2) gauge theory with SU (N ) global invariance considered in [69] ) in order to have successful inflationary scenarios. So, supersymmetric finite GUTs in curved spacetime are recognized as interesting candidates in connection with the inflationary universe scenarios and possible applications to the cosmological constant problem. The renormalization group corrections have been analyzed in different single-field inflationary scenarios motivated by different nonsupersymmetric models [26, 27, 28, 70, 71, 72] . For a slow-roll it is essential to have nearly flat effective potential in the region of the field amplitudes of the order of M Pl . While the quantum gravity corrections are expected to be not important, the corrections induced by the SM fields and the superpartner fields (see, for example, [73] and references therein) require careful analysis which is dependent on the MSSM parametric scenario under consideration.
